ABSTRACT
INTRODUCTION
Manganese (Mn) is an essential nutrient for bacterial growth due to its role as a protein cofactor in cellular processes such as cell division, oxidative stress defenses and DNA synthesis and repair (1) (2) (3) (4) (5) (6) . Thus, pathogenic bacteria must acquire Mn during infection for successful survival in the host (7) . Although Mn is beneficial for microbial growth, Mn in excess can be toxic to the bacteria (7) . This necessary balance between metal sufficiency and metal toxicity is targeted by the host nutritional immune mechanisms, as the host employs metal starvation or metal poisoning to control microbial growth (2, (8) (9) (10) (11) (12) (13) . As a countermeasure, pathogens employ Mn importers or exporters in response to alterations in extracellular Mn availability (2, 14) . A crucial component of the bacterial Mn homeostasis mechanism is the Mn-sensing transcription regulator that couples metal availability with regulation of the genes encoding Mn import and export systems (15) (16) (17) . During metal sufficiency, these metalloregulators bind the cognate metal and repress the transcription of metal importers through association with target promoters. Conversely, when Mn limitation occurs, the metal-free transcription regulators dissociate from the promoter and relieve the repression of target gene expression (18, 19) . Despite the wealth of data on the biochemical and structural characterization of Mn-sensing bacterial transcription regulators (20) (21) (22) (23) (24) , their contribution to bacterial virulence is poorly understood.
Group A streptococcus (GAS), also known as Streptococcus pyogenes, is a major human pathogen that causes a broad spectrum of diseases ranging from mild pharyngitis and impetigo to the life-threatening necrotizing fasciitis and streptococcal toxic shock syndrome (25, 26) . As for other pathogenic bacteria, GAS encounters host-imposed zinc (Zn) limitation during invasive infection (12) . GAS colonization surfaces are enriched with neutrophil-derived extracellular metal binding protein, calprotectin (CP) (12) . CP is a heterodimer of S100A8 and S100A9 proteins that is se-creted at the site of infection by neutrophils. Upon secretion, the extracellular CP sequesters Zn and Mn from bacterial colonization surfaces and inhibits microbial growth by metal starvation (9, 10, 27) . To overcome CP-mediated Zn limitation, GAS monitors Zn availability through the Znsensing transcription regulator, AdcR, and outcompetes CP in Zn acquisition by upregulating the expression of highaffinity Zn importer, adcABC (12, 28) . However, analogous Mn sensing mechanisms and adaptive responses to Mn limitation in GAS remain poorly characterized.
To monitor metal stress conditions, GAS employs four metalloregulators: AdcR, GczA, MtsR, and PerR (13, (28) (29) (30) . With the exception of MtsR, the cognate ligand for the other metalloregulators has been identified. AdcR senses Zn limitation (28) , whereas GczA monitors Zn surplus (13) . The sensing of peroxide stress by PerR requires iron (Fe) (29) . On the other hand, MtsR is proposed to be a dual metal-sensing regulator that mediates gene regulation in response to both Fe and Mn availability (30, 31) . Consequently, ambiguity exists regarding the identity of metal ligand sensed by MtsR.
GAS encodes four known ATP-binding cassette (ABC) family transporters for metal acquisition. The threecomponent transporter encoded by adcABC is involved in Zn uptake (12) . Heme acquisition is carried out by the HtsABC transporter and shp/shr protein (32) (33) (34) (35) , and FtsABCD importer is implicated in ferric ferrichrome acquisition (36) . However, conflicting evidence exists regarding the specific metal ligand transported by MtsABC and its contribution to GAS physiology. Structural and biochemical data indicate that the membrane-anchored lipoprotein, MtsA, binds Fe with high affinity (37, 38) . Consistent with this, inactivation of mtsABC resulted in reduced intracellular Fe and Zn levels, suggesting that MtsABC is an Fe or Zn importer (39) . Another study showed that MtsABC transports both Mn and Fe, and contributes to GAS oxidative stress defenses (40) . Consequently, GAS adaptive responses to Mn limitation and the role of MtsABC, or other yet to be identified metal transporters, in overcoming host-mediated Mn limitation remain poorly understood.
In this study, we show that MtsR is a Mn-sensing transcription regulator that upregulates genes encoding the Mn acquisition system (mtsABC), Mn-independent ribonucleotide reductase (nrdEIF.2), and putative iron or heme acquisition systems (shr, shp and sia operon) during Mn limitation. MtsR employs a complex regulatory mechanism to sense the severity of Mn deficiency and mount a measured regulatory response: a low-level upregulation of mtsABC controlled by the secondary metal-sensing site, site 2, and robust induction of mtsABC expression controlled by Mn sensing at the primary metal-sensing site, site 1. Finally, we report a previously unknown role for the C-terminal FeoA domain in MtsR oligomerization on target promoter sequences. Importantly, we demonstrate that FeoA domaindependent MtsR multimerization is critical for its regulatory activity and contributes significantly to GAS virulence. Given that FeoA domains are present in most of the DtxR family regulators, we propose that FeoA domain-dependent oligomerization and gene regulation is a common allosteric strategy in DtxR family metalloregulators.
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids used in this study are listed in Supplementary Table S1 . Strain MGAS10870 was used as the wild type GAS (WT) in this study. MGAS10870 is a previously described invasive serotype M3 isolate whose genome has been fully sequenced (41) . MGAS10870 is representative of serotype M3 strains that cause invasive infections, and has WT sequences for all known major regulatory genes (41) . Escherichia coli DH5␣ strain was used as the host for plasmid constructions and BL21(DE3) strain was used for recombinant protein overexpression. GAS was grown routinely on Trypticase Soy agar containing 5% sheep blood (BSA; Becton Dickinson) or in Todd-Hewitt broth containing 0.2% (w/v) yeast extract (THY; DIFCO). Chelexed THY was prepared by incubating the medium with chelex-100 beads (Sigma-Aldrich, USA), and the metal-depleted medium was subsequently supplemented with CaCl 2 (250 M), MgCl 2 (1 mM) and ZnSO 4 (10 M) . The Escherichia coli strain used for protein overexpression was grown in Lysogeny broth (LB broth; Fisher). When required, kanamycin or spectinomycin was added to a final concentration of 50 g/ml. Chloramphenicol was used at a final concentration of 15 g/ml. All GAS growth experiments were done in triplicate on three separate occasions for a total of nine replicates. Overnight cultures were inoculated into fresh media to achieve an initial absorption at 600 nm (A 600 ) of 0.03. Bacterial growth was monitored by measuring the absorption at 600 nm (A 600 ).
Construction of mtsR-inactivated mutant strain
Insertional inactivation of the mtsR gene in WT GAS was performed by methods described previously (42) (43) (44) . Briefly, a PCR fragment containing a spectinomycin resistance (spc) cassette with the fragment of gene to be deleted on either side was generated in a three-step PCR process. Subsequently, the plasmid with the spc gene disruption cassette was introduced into the parent strain by electroporation, and the gene was disrupted through homologous recombination. The isogenic mutant strains were selected by growth on spectinomycin-containing medium. Inactivation of the gene was confirmed by DNA sequencing. Primers used for the construction of the isogenic mtsR mutant strain are listed in Supplementary Table S2 .
Construction of mtsR trans-complementation plasmid
To complement the isogenic mtsR mutant strain, the coding sequence of the full-length mtsR gene together with the mtsR promoter region was cloned into the E. coli-GAS shuttle vector pDC123 (45) . Using the primers listed in Supplementary Table S2 , the fragment was cloned into pDC123 and the insert was verified by DNA sequencing. The plasmid containing the mtsR gene and promoter was electroporated into the isogenic mtsR mutant strain.
RNA sequencing (RNA-seq)
GAS strains were grown to mid-exponential phase of growth (A 600 ∼ 1.0) in THY broth. Subsequently, cells were incubated for 30 min in the presence or absence of 100 M MnCl 2 . GAS has relatively higher mRNA turnover rate and the mean half-life of GAS mRNA is estimated to be 1.26 min (46) . Thus, to minimize mRNA decay, we stacked the growth of individual strains or replicates 30 min apart, added the samples to RNAprotect in less than a minute, and harvested by centrifugation. RNA isolation and purification were performed using an RNeasy (Qiagen) mini kit according to the manufacturer's protocol and treated with DNase using the TURBO DNA-free kit (Ambion). RNA was analyzed for quality and concentration with an Agilent 2100 Bioanalyzer. The ribosomal RNA was then removed using a Ribo-Zero treatment kit (Epicenter) according to manufacturer's protocol and further purified using the Min-Elute RNA purification kit (Qiagen). The rRNAdepleted RNA was then used to synthesize adaptor-tagged cDNA libraries using the ScriptSeq V2 RNA-seq library preparation kit (Epicenter). cDNA libraries were then run on a NextSeq instrument using the Illumina v2 reagent kit (Illumina). Approximately 10 million reads were obtained per sample and the reads were mapped to the MGAS315 genome using the CLC-Genomics WorkBench, version 11 (CLC Bio). For RNA-seq analysis, the total number of reads per gene between the replicates was normalized by TPM [(transcripts/kilobase of gene)/(million reads aligning to the genome)]. Using the TPM values, pair-wise comparisons were carried out between the two strains to identify the differentially expressed genes. Genes with 2-fold difference and P < 0.05 after applying Bonferroni's correction were considered to be statistically significant.
MtsR overexpression and purification
The coding region of the full-length mtsR gene of strain MGAS10870 was cloned into plasmid pET-28a. Protein was overexpressed in E. coli strain BL21 (DE3). Cells were grown at 37
• C until the A 600 reached 0.5 and then were induced with 0.5 mM IPTG at 25
• C overnight. Cell pellets were suspended in 50 ml of buffer A (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM Tris 2-carboxyethyl phosphine hydrochloride (TCEP) and 30 mM imidazole) supplemented with one protease inhibitor cocktail pellet and DNase I to a final concentration of 5 g/ml. Cells were lysed by a cell disruptor (Microfluidics) and cell debris was removed by centrifugation at 15 000 rpm for 30 min. The clarified cell lysate was loaded onto a pre-equilibrated Ni-NTA agarose column and bound MtsR was eluted using buffer A containing 300 mM imidazole. The concentrated MtsR was buffer exchanged into storage buffer (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM TCEP and 5% v/v glycerol) by size exclusion chromatography with Superdex 200 G column. The protein was purified to > 95% homogeneity and concentrated to a final concentration of ∼8 mg/ml. To cleave the hexa-histidine tag, the purified MtsR was incubated with thrombin (5 units per mg of MtsR) (GE Healthcare) at 4
• C. The untagged MtsR was further purified by Ni-NTA affinity chromatography and thrombin cleavage of the eluted untagged MtsR was verified by SDS-PAGE. Subsequently, MtsR was purified by size exclusion chromatography with Superdex 200 G column. The purified untagged MtsR was subjected to two rounds of overnight dialysis against storage buffer containing 10 mM EDTA to remove trace metals bound to the protein. Finally, MtsR was dialyzed against chelexed (chelex beads, Sigma) storage buffer to prepare the metal-free apo form of MtsR. The protein was concentrated to a final concentration of ∼8 mg/ml. The untagged protein was used for crystallographic studies and biochemical characterization of MtsR.
Electrophoretic mobility shift assay
Oligonucleotides containing the putative MtsR-binding site (mts motif) from the mtsABC promoter (5 TTAATTAAGTTTAGTTAATTATCCCCCATAAT TAACTAAACTTAATTAA-3 ) were annealed by heating at 95
• C for 5 min followed by slow cooling to room temperature. Binding reactions were carried out in 20 l volume of binding buffer (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM TCEP and 5% v/v glycerol) containing 50 nM of oligoduplex and increasing concentrations of recombinant MtsR. After 15 min incubation at room temperature, the reaction mixtures were resolved on a 10% native polyacrylamide gel supplemented with 5% (v/v) glycerol for 100 min at 100 V at 4
• C in Tris Borate buffer with 5% (v/v) glycerol. The gels were stained with ethidium bromide and analyzed on a BioRad Gel Electrophoresis Systems.
Fluorescence polarization assay
Fluorescence polarization-based MtsR-DNA binding experiments were performed with a Biotek microplate reader (Biotek) using the intrinsic fluorescence of fluoresceinlabelled DNA. The polarization (P) of the labeled DNA increases as a function of protein binding, and equilibrium dissociation constants were determined from plots of millipolarization (P × 10 -3 ) against protein concentration. For MtsR-DNA-binding studies, 1 nM 5 -fluoresceinated oligoduplex (5 TTAATTAAGTTTAGTTAATTATCC CCCATAATTAACTAAACTTAATTAA-3 ) in binding buffer (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM Tris 2-carboxyethyl phosphine hydrochloride (TCEP) and 5% v/v glycerol) was titrated against increasing concentrations of purified MtsR and the resulting change in polarization was measured. Samples were excited at 490 nm and emission measured at 530 nm. All data were plotted using KaleidaGraph and the resulting plots were fitted with the equation
where P is the polarization measured at a given protein concentration, P free is the initial polarization of the free ligand, P bound is the maximum polarization of specifically bound ligand and [protein] is the protein concentration. Non-linear least squares analysis was used to determine P bound , and K d . The binding constant reported is the average value from at least three independent experimental measurements.
To determine the binding stoichiometry of MtsR to the 22 bp mts motif, the binding condition identical to those used in the FP binding affinity determination experiments was used. However, to ensure stoichiometric binding, the concentration of the DNA site was increased to 20-fold above the K d by using a mixture containing 1 nM 5 -fluoresceinated DNA and an amount of unlabeled DNA necessary to achieve a concentration 20-fold above K d . MtsR was titrated into the binding solution and the graph of the resulting data shows a linear increase in the observed mP until saturation with DNA, after which the mP values showed no steep increase. The binding stoichiometry for the DNA site was obtained from the MtsR concentration values at which inflection point occurs.
Transcript level analysis
GAS strains were grown to the indicated A 600 and incubated with two volumes of RNAprotect (Qiagen) for 10 min at room temperature. RNA isolation and purification were performed with an RNeasy kit (Qiagen). After quality control analysis, cDNA was synthesized from the purified RNA using Superscript III (Invitrogen) and quantitative RT-PCR (qRT-PCR) was performed with an ABI 7500 Fast System (Applied Biosystems). Comparison of transcript levels was performed by the C T method of analysis using tufA as the endogenous control gene (28, 47) . The primers and probes used for qRT-PCR are listed in Supplementary Table S2 .
Crystallization and structure determination of MtsR
To prepare the Mn-bound MtsR complex, apo MtsR was dialyzed against buffer containing 20 mM Tris pH 8.0, 200 mM NaCl, 1 mM TCEP, 5% v/v glycerol and 0.5 mM MnCl 2 . After overnight dialysis at 4
• C, the complex was dialyzed against unsupplemented chelexed buffer to eliminate excess Mn. The protein was concentrated to 7.5 mg/ml using an YM-10 Amicon concentrator (Millipore). Crystallization of MtsR was performed using the vapor diffusion method with the crystallization solution containing 40 mM sodium acetate, 0.16 M magnesium formate, 2.6 M lithium acetate, 20% (v/v) PEG 2000, 66 mM ammonium sulfate, and 0.8 mM manganese chloride. Preliminary crystals were further optimized for diffraction quality by adding benzamidine hydrochloride (2% v/v) as an additive to the crystallization solution. The diffraction data of the MtsR crystals were collected at the Advance Light Source (ALS) beam line 8.3.1 (Berkeley, CA, USA). Data were processed with iMOSFLM (48) and SCALA (49) . Iterated rounds of model building were done using 'COOT' (50) and refinement of the built model was performed using Refmac5 and Phenix (51) . The quality of the final model was verified using Molprobity (52, 53) . Selected X-ray data collection, phasing, and refinement statistics are given in Supplementary Table S3. All structure-related figures were generated using Pymol (54) .
Site-directed mutagenesis of MtsR
Plasmid pET28a-mtsR or pDC-mtsR containing the WT mtsR-coding region was used as template for the sitedirected mutagenesis. QuikChange site-directed mutagenesis kit (Stratagene) was used to introduce single amino acid substitutions within the mtsR coding region, and mutations were verified by DNA sequencing. The primers used to introduce the substitutions are listed in Supplementary Table  S2 .
Gel filtration chromatography
Size exclusion chromatography was used to determine the oligomerization states of recombinant WT and mutant derivatives of MtsR. A Superdex column (GE healthcare) was calibrated using cytochrome C (Mr 12 400), carbonic anhydrase (Mr 29 000), bovine serum albumin (Mr 66 000), alcohol dehydrogenase (Mr 150 000) and ␤-amylase (200 000). The K Average (K ave ) was calculated using the equation
, where V T , V E and V O are the total column volume, elution volume and void volume of the column respectively. A standard graph was obtained by plotting the logarithm of the molecular weight (Mr) versus the K ave (Graphpad prism). The K ave of each marker as well as the experimental samples were the average value of two or more experiments.
Metal content analysis by ICP-MS
The recombinant WT or mutant MtsR proteins were prepared for metal content analysis as described above. To determine the intracellular metal content, GAS strains were grown to mid-exponential phase, incubated with or without 100 M MnCl 2 for 30 min, and cells were harvested by centrifugation. Cell pellets were washed once with chelexed phosphate-buffered saline (PBS) containing 1 mM nitrilotriacetic acid and twice with chelexed PBS, and cell pellets were stored at −80
• C till use. Cells were resuspended in chelexed PBS, lysed by fast prep, and the total protein concentration in the clarified cell lysate was measured by Bradford assay. The metal content of purified protein preparations or cell lysates was determined using the ICP-MS DRCII system (PerkinElmer Life Sciences) with gallium as an internal standard as described previously (35) . All the measurements were recorded in triplicates using 2% (v/v) ultra-pure nitric acid diluted samples from a 10 M purified protein stock solution. The final average metal content is reported.
Mouse virulence studies
Mouse experiments were performed according to protocols approved by the Houston Methodist Research Institute Institutional Animal Care and Use Committee. These studies were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals, eighth edition. Virulence of the isogenic mutant GAS strains was assessed using intramuscular mouse model of infection (approved number AUP-0318-0016). For intramuscular infection, 10 female 3-4 week-old CD1 mice (Harlan Laboratories) were inoculated in the right hindlimb with 1 × 10 7 CFU of each strain and monitored for near mortality. Results were graphically displayed as a Kaplan-Meier survival curve and analyzed using the log-rank test.
Statistical analysis
Prism (GraphPad Software 7.0) was used for statistical analyses. All GAS growth experiments for transcript level analyses were done in triplicate on three separate occasions for a total of nine replicates. Statistical significance for transcript level analyses between samples was determined by t test. The MtsR-DNA binding and MtsR-Mn experiments were done on three separate occasions to ensure reproducibility. For near mortality, values are shown as KaplanMeier survival curves, and statistical significance was determined using the log-rank test.
RESULTS
GAS adaptive responses to Mn limitation
To elucidate the molecular components of GAS adaptive responses to Mn limitation, we compared the transcriptome of wild-type (WT) GAS grown in Mn-replete and -deficient growth conditions by RNA sequencing (RNAseq). GAS was grown in laboratory medium (THY) to midexponential growth phase (A 600 ∼ 1.0) and incubated with or without 100 M MnCl 2 for 30 min. Unsupplemented THY was treated as the Mn deficient growth condition. GAS genes with ≥2-fold change in transcript levels between the two growth conditions with statistical significance (P < 0.05) were considered differentially regulated (Supplementary Tables S4 and S5). A total of 17 genes were differentially regulated, with 10 genes upregulated and 7 genes downregulated during Mn limitation. Genes encoding the putative tripartite ATP-binding cassette (ABC) family Mn importer, mtsABC, were highly upregulated during Mn limitation (Supplementary Table S4 ). Other upregulated genes of known function include the Fe acquisition system (shr and fhuD.2), Fe efflux pump (pmtA) and hemolytic CAMP factor, cfa, (Supplementary Table S4 ). Conversely, GAS genes downregulated during Mn limitation include hypothetical proteins of unknown function (Supplementary Table S5). These results indicate that upregulation of mtsABC constitutes the major GAS adaptive response to Mn limitation, suggesting a likely role for MtsABC-mediated Mn acquisition in overcoming metal deficiency.
GAS adaptive responses to Mn limitation is controlled by MtsR
The expression of mtsABC is controlled by the divergently transcribed regulator, MtsR (31, 55) . Three independent studies in two GAS emm serotypes (emm3 and emm49) previously determined the regulon controlled by MtsR (55) (56) (57) . However, the composition of mtsR regulon varied significantly between the two serotypes. In serotype M49 GAS, MtsR controls Fe and heme acquisition systems. However, no MtsR-dependent regulation of mtsABC was observed (57) . In serotype M3 GAS, MtsR controls a much larger regulon that includes modest upregulation of mtsABC (55) . In addition to possible serotype-specific differences in gene regulation by MtsR in the two genetically-distinct GAS serotypes, an underappreciated component in the transcriptome studies was the Mn concentration in the growth conditions used. The nutrient-rich laboratory medium (THY) contains only 250 nM Mn compared to micromolar concentrations of Zn and Fe (58) . Thus, we hypothesized that during GAS growth in Mn-limited, unsupplemented THY, MtsR exists in a metal-free, inactive state, and is unable to mediate Mn-dependent gene regulation. To test this hypothesis, we constructed an insertionally-inactivated isogenic mtsR mutant strain in the parental serotype MGAS10870
(ΔmtsR) and compared mtsA transcript levels in the WT and ΔmtsR mutant strains by qRT-PCR. Consistent with our hypothesis, mtsA transcript levels in WT GAS grown in unsupplemented THY is comparable to that of ΔmtsR mutant strain (Supplementary Figure S1) . However, supplementation of THY with Mn resulted in decreased mtsA transcript levels in WT GAS, and maximal repression of mtsA expression was observed in THY supplemented with 100 M Mn (Supplementary Figure S1) . Thus, comparisons of WT and ΔmtsR mutant strains in THY medium may not elucidate the precise Mn-specific regulon controlled by MtsR as MtsR is functionally inactive in WT grown in THY.
Thus, to determine the contribution of Mn-dependent gene regulation by MtsR to GAS adaptive responses to Mn limitation, we performed comparative transcription profiling of WT and ΔmtsR strains by RNA-seq under Mn replete conditions. GAS strains were grown in THY to midexponential growth phase (A 600 ∼ 1.0) and incubated with 100 M MnCl 2 for 30 min. Three biological replicates were used for each strain. Transcript levels of GAS genes with ≥2-fold changes between the strains with statistical significance (P < 0.05) are summarized in Supplementary Tables S6 and S7. Compared to previous studies, MtsR controls a much smaller regulon under the growth conditions used in this study. A total of 26 genes were differentially regulated, with all the identified genes being downregulated by MtsR (Supplementary Tables S6 and S7 ). Major categories of genes controlled by MtsR include Mn (mtsABC) and Fe (sia operon, SpyM3 1551-1561) acquisition systems (Supplementary Figure S2) . Furthermore, genes encoding metal-independent ribonucleotide reductase (nrdF.2, nrdI.2 and nrdE.2) (Supplementary Figure S2) , and Fe efflux transporter (pmtA) were also negatively regulated by MtsR. Collectively, the transcriptome studies elucidate the precise mtsR regulon and demonstrate that MtsR is a transcriptional repressor that controls GAS adaptive responses to Mn limitation.
Transcription regulation of mtsABC by MtsR is Mndependent
The promoter sequences of the mtsABC have a putative MtsR binding site (mts motif) upstream of the mtsA translation start site ( Figure 1A ). Thus, we investigated whether MtsR requires Mn to bind mts motif sequences by electrophoretic gel mobility shift assay (EMSA). First, we compared DNA binding by apo-and Mn-metallated MtsR. The apo MtsR failed to bind oligoduplexes containing the putative mts motif ( Figure 1B ). However, MtsR bound mts motif in the presence of Mn, and addition of the chelator EDTA disrupted MtsR-DNA interactions, indicating that MtsR requires Mn to bind DNA ( Figure 1B ). On the contrary, addition of Zn or Fe(III) resulted in smeared bands, indicating that MtsR engaged in weak and unstable interactions with mts motif in the presence of non-cognate metals ( Figure 1B) . Similarly, the Mn-metallated form of MtsR failed to bind non-cognate DNA, demonstrating that MtsR-DNA interactions are sequence-specific ( Figure 1B) . Together, these data indicate that MtsR-mts motif interactions are Mn-dependent and sequence-specific. Average values for unsupplemented samples were used as a reference and fold changes in transcript levels of the indicated samples relative to reference are shown. Statistical significance was determined by t test. **** indicates statistical significance with P < 0.0001 for the indicated samples compared to reference growth.
To better understand the effect of Mn on MtsR-DNA interactions, we performed fluorescence polarization (FP) assays with fluoresceinated oligoduplexes containing an mts motif in the presence or absence of MnCl 2 ( Figure 1A ). The MtsR:Mn complex bound to operator sequences with a dissociation constant (K d ) of 58 nM ( Figure 1C and Supplementary Figure S3 ). However, when MtsR-DNA interactions were analyzed either in the absence of Mn (apo MtsR) or presence of non-cognate metals, a significant reduction in the affinity of MtsR for mts motif was observed ( Figure  1C and Supplementary Figure S3) . Addition of Zn resulted in slight reduction (2.7-fold increase in K d ) in the affinity. However, the lack of metal (5.7-fold increase in K d ) or inclusion of Fe(III) (7.6-fold increase in K d ) in the binding conditions drastically affected MtsR-DNA interactions ( Figure  1C and Supplementary Figure S3 ). Since magnesium (Mg) is present in milli-molar concentrations in bacterial cytosol, we investigated the influence of Mg on MtsR-DNA interactions. The addition of Mg in the binding conditions did not alter the DNA binding properties of MtsR, suggesting that MtsR is selective for Mn ( Figure 1C and Supplementary Figure S3 ). Together, these data demonstrate that highaffinity interactions between MtsR and mtsA promoter can be activated by Mn.
Next, we investigated whether the transcription regulation of mtsA by MtsR is Mn specific. GAS was grown to mid-exponential phase (A 600 1.0), exposed to 100 M MnCl 2 for 30 min, and mtsA transcript level was measured by qRT-PCR. Consistent with our results from the DNAbinding studies, a 20-fold reduction in mtsA transcript levels was observed only in the presence of Mn compared to unsupplemented GAS growth ( Figure 1D ). Transcript levels of mtsA in GAS grown in the presence of Zn and Fe were comparable to unsupplemented growth ( Figure 1D) P values (**P < 0.01, ***P < 0.001, ****P < 0.0001) for the indicated samples compared to reference growth.
alterations in Mn availability and controls the expression of mtsABC by binding to the promoter.
MtsR-mediated gene regulation is Mn dependent
Previous studies indicated that MtsR is a dual regulatory protein that senses Mn and Fe, and controls the expression of iron acquisition systems (sia operon) in response to Fe availability. To investigate the Fe dependency of transcription regulation of sia operon and metal-independent ribonucleotide reductases (nrdFIE.2) ( Supplementary Figure S2) , we carried out two parallel investigations. First, we tested whether the addition of Fe or Mn to metal-depleted chelexed THY repressed the expression of fhuD.2 and nrdF.2 ( Figure 2A ). In parallel, we also assessed whether depletion of Fe from the growth medium by the addition of the Fe-specific chelator, 2,2 -dipyridyl, induced the expression of fhuD.2 and nrdF.2 ( Figure 2B Figure S2) . In WT GAS, the removal of Fe did not significantly affect the expression of fhuD.2 and nrdF.2 genes ( Figure 2B ). However, in the metal addition experiment, addition of Fe(II) or Fe(III) caused partial repression of fhuD.2 and nrdF.2 genes (Figure 2A) . Contrarily, the addition of Mn caused a drastic reduction in fhuD.2 and nrdF.2 transcript levels compared to unsupplemented growth (Figure 2A ), suggesting that transcription regulation of fhuD.2 and nrdF.2 is Mn-dependent. Together, these data indicate that MtsR-mediated transcription repression of the Fe acquisition machinery and metal-independent ribonucleotide reductases is strongly induced by Mn, whereas Fe only caused partial repression.
Structural basis for metal sensing by MtsR
To begin to elucidate the molecular basis for metal sensing and gene regulation by MtsR, we determined the crystal structure of MtsR to 3.1Å resolution. The initial phases were determined by molecular replacement using the structure of Mn-sensing DtxR family metalloregulator SloR from S. mutans (PDB:5CVI) (23). Each asymmetric unit has two MtsR subunits. The structure has an overall topology of ␣1 (5- Figure 3A) . Out of the two MtsR subunits in the asymmetric unit, only one subunit has well-defined electron density for the entire DNA-binding domain ( Figure 3B ). The flexible, less structured DNA-binding domain has been observed in the DNA-free structures of several transcription regulators (59). The three helices (␣1-␣3) of the N-terminal domain along with the two ␤-strands (␤1-␤2) form the characteristic wHTH motif in which helix ␣3 forms the 'recognition helix'. The recognition helix is predicted to make sequence-specific contacts in the major groove of its cognate DNA sequences, whereas the wing motif interacts with the bases in the adjacent minor grooves (60) . The two subunits of MtsR are highly similar and their central and C-terminal domains can be superposed on to each other with a root mean square deviation (rmsd) of 0.61Å.
As observed in other DtxR family metalloregulators, MtsR forms dimers in solution in the presence or absence of Mn (Supplementary Figure S4 ). An intermolecular interface similar to the dimer interface of other structurally char- Figure S5 ), which we designated as the MtsR dimerization interface. Solvent accessible surface area (SASA) analyses (61) revealed that a total of 778Å 2 surface is buried in the dimer interface. The predominantly hydrophobic interactions among the amino acids F82 and L87 from helix ␣4, V100, L101 and V105 from helix ␣5, and F109 and I116 from helix ␣6 participate in MtsR dimerization.
3B and Supplementary
Each MtsR subunit has two Mn atoms bound to the central dimerization domain (Figure 3) . The metal at site 1 is coordinated by the side chains of amino acids H76 and E80 from helix ␣4, and C123 and H125 from the linker connecting the dimerization and FeoA domains (Figures 3 and 4A and B). The metal at site 2 is loosely bound and interacts with the side chains of H32 from helix ␣2, H95 from helix ␣5, and H161 and D163 from helix ␣8 (Figures 3 and  5A and B) . Thus, the metal binding sites, site 1 and site 2, involve coordination by His-Glu-Cys-His and His-His-HisAsp motifs, respectively. The metals at both sites are in the interdomain region of MtsR among the dimerization, Cterminal, and DNA-binding domains. Thus, the metal occupancy at the two sites is ideally located to couple metal sensing with metal-dependent DNA binding and gene regulation by MtsR. Collectively, the crystal structure of MtsR revealed several structural elements that may be critical for gene regulation by MtsR.
MtsR dimerization is crucial for gene regulation
To determine the significance of the hydrophobic dimer interface to gene regulation by MtsR, we introduced single amino acid substitutions at two key hydrophobic residues in the dimerization domain, F82 and F109, with a charged glutamate residue (Supplementary Figure S5A and B) . Introduction of charged residues in an apolar environment can be disruptive to the hydrophobic interactions and affect protein solubility. Thus, we hypothesized that glutamate substitutions in the dimer interface influence regulatory activity by altering the solubility of MtsR. To test this hypothesis, we compared the solubility of the overexpressed recombinant WT or mutant MtsR proteins by SDS-PAGE. Overexpression of the F82E and F109E mutant proteins was similar to WT MtsR (Supplementary Figure S5C) . However, compared to WT MtsR, the recombinant mutant proteins, F82E and F109E, were predominantly present in the insoluble pellet fraction of the cell lysates (Supplementary Figure  S5C) , suggesting that the hydrophobic dimer interface is intolerant to substitutions with charged amino acids. The defective solubility hampered our ability to obtain F82E and F109E mutant proteins in sufficient quantity and purity to perform biochemical characterization. To test the biological significance of the dimer interface, we trans-complemented the ΔmtsR mutant strain with WT mtsR or variants containing single glutamate substitutions at F82 or F109 of MtsR and assessed the mutant strains for their ability to mediate Mn-dependent repression of mtsA transcription. Although the intracellular solubility of the WT and mutant MtsR proteins is unknown, the introduction of glutamate at either F82 or F109 of the dimerization domain resulted in the loss of Mn-dependent mtsABC repression by MtsR (Supplementary Figure S5D) . The mtsA transcript levels in the mutant strains were comparable to that of the ΔmtsR mutant (Supplementary Figure S5D) . Collectively, these results demonstrate that the hydrophobic interactions in the inter-subunit interface participate in MtsR dimerization and are critical for MtsR regulatory activity.
Metal binding site 1 is the primary Mn sensing site of MtsR
To investigate the contribution of Mn binding site 1 to metal sensing and metal-dependent gene regulation by MtsR, we introduced single alanine substitutions at site 1 metal ligands H76 and E80 ( Figure 4A and B) . The WT and mutant MtsR proteins were overexpressed and purified under metal-free conditions. The recombinant mutant MtsR proteins had WT-like protein solubility and formed WT-like dimers (Supplementary Figure S6) , indicating that alanine substitutions did not induce protein misfolding or detrimentally affect MtsR dimerization. To test whether the single alanine substitutions at site 1 metal ligands affect Mn binding, we measured the Mn content of purified WT and mutant MtsR proteins by ICP-MS. The metal-free form of and E80A mutant proteins for the mts motif was drastically decreased compared to WT MtsR ( Figure 4E and Supplementary Figure S7 ). Finally, to assess the physiological relevance of metal occupancy at site 1 to gene regulation by MtsR, we compared mtsA transcript levels in WT and mutant strains grown in THY supplemented with Mn. The mtsR-H76A and mtsR-E80A mutant strains were unresponsive to Mn and the mtsA transcript levels in the mutant strains were comparable to that of the mtsR mutant (Figure 4F) , indicating that metal binding at site 1 is critical for Mn-dependent gene regulation by MtsR. Together, these data demonstrate that the metal binding site 1 is the primary Mn sensing site of MtsR and Mn occupancy at site 1 is crucial for metal-dependent repression of mtsA.
Metal binding site 2 participates in gene regulation by MtsR
To investigate the regulatory role of metal binding site 2 of MtsR, we introduced single alanine substitutions at three site 2 metal ligands: H32, H95, and H161 ( Figure 5A and B). We have also generated double alanine substitutions at H32 and H161 (H32A/H161A). No alterations in protein solubility or dimerization were observed for the recombinant mutant proteins compared to WT MtsR (Supplementary Figure S6 ). When assessed for Mn binding by ICP-MS, the site 2 mutant proteins had decreased metal content compared to WT MtsR ( Figure 5C ), suggesting that the site 2 metal ligands are involved in Mn binding. To test the contribution of Mn occupancy at site 2 to DNA binding by MtsR, we assessed MtsR-DNA interactions by EMSA and FP. The smeary, labile complexes of H32A and H161A mutant proteins with DNA suggest that H32A and H161A mutant proteins were slightly defective in DNA binding compared to WT MtsR ( Figure 5D ). However, the lack of disappearance of free DNA in the presence of H95A mutant protein indicate that the DNA binding ability of the H95A mutant protein was drastically affected ( Figure 5D ). Consistent with the EMSA results, the affinity of H95A mutant to mts motif was decreased by 15-fold compared to WT MtsR ( Figure 5E and Supplementary Figure S7) . However, unlike the EMSA results, the H32A and H161A mutant proteins had affinities for mts motif that are comparable to WT MtsR ( Figure 5E and Supplementary Figure S7) .
Next, to investigate the regulatory influence of site 2 metal ligands on MtsR-dependent mtsA gene regulation, we compared the mtsA transcript levels in WT and isogenic mtsR mutant strains containing single or double alanine substitutions at site 2 metal ligands. The regulatory phenotype of the mtsR mutant strains was consistent with the DNA binding properties of MtsR. The transcomplemented strain ( mtsR:pDC-mtsR) had a 77-fold reduction in mtsA transcript levels relative to the ΔmtsR mutant ( Figure 5F ). However, the mutant strains containing alanine substitutions at site 2 metal ligands failed to mediate full repression of mtsA. The isogenic mtsR-H95A mutant strain had mtsA transcript levels similar to the ΔmtsR mutant strain (Figure 5F ), suggesting that H95 of site 2 is crucial for gene regulation. Conversely, the mtsR-H32A (46-fold reduction in mtsA levels) or mtsR-H161A (54-fold reduction in mtsA levels) mutant strains displayed only partial repression of mtsA transcription. Furthermore, the mtsR-H32A/H161A double mutant (24-fold reduction in mtsA levels) strain was more defective in mtsA repression than the H32A or H161A mutant strains ( Figure 5F ). To explain the greater significance of H95 compared to other metal ligands of site 2, we took a closer look at the structural elements in the immediate vicinity of site 2. Among the site 2 metal binding ligands, only H95 is located in the immediate vicinity of primary metal sensing site 1. The amino acid H95 is located on helix ␣5, whereas the site 1 metal ligands H76 and E80 are located on helix ␣4 (Supplementary Figure S8A) . Interestingly, extensive hydrophobic interactions were observed between the side chains of I79 and L83 of helix ␣4, and V94, A98 and L101 of helix ␣5 (Supplementary Figure S8B) . Thus, alanine substitutions at H95 and the resulting defective metal binding at site 2 may affect the high affinity metal binding at site 1 indirectly and cause more defective gene regulation than other site 2 mutants. Therefore, it is possible that the regulatory phenotype of H95A is due to its collective participation in direct metal binding at site 2 and indirect influence on metal binding at site 1. Collectively, these results demonstrate that the Mn sensing site 2 participate in metal binding and gene regulation by MtsR. However, the site 2 has a lesser regulatory role than the primary Mn sensing site 1 of MtsR. Thus, we designate site 2 as the secondary Mn sensing site of MtsR.
Oligomerization of MtsR is critical for gene regulation
Most of the structurally characterized DtxR family metalloregulators have a C-terminal FeoA domain (20, 21, 23, 24, 62) . However, the contribution of the Cterminal domain to the metal-dependent transcription regulation by DtxR family regulators remains unknown. In the crystal structure of MtsR, the C-terminal FeoA domain of one dimer is engaged in tail-to-tail interactions with the FeoA domain of the second dimer to form MtsR oligomer ( Figure 6A ). The oligomerization interface between two dimers is distinct from the MtsR dimerization interactions. A total surface area of 600Å 2 is buried in the dimer-dimer interface ( Figure 6A and B). These observations led us to hypothesize that the FeoA domain is involved in MtsR oligomerization and multimerization of MtsR is important for its gene regulatory activity. The oligomerization interface of MtsR is characterized by stacking interactions between the side chains of aromatic amino acids Y167 from helix ␣7 and F187 from the linker connecting strands ␤4 and ␤5 with the analogous amino acids from the second dimer ( Figure 6B ). To determine the biological relevance of the oligomerization interface in the FeoA domain to gene regulation by MtsR, we introduced single (F187A) or double (Y167A/F187A) alanine substitutions in MtsR. The alanine substitutions did not affect recombinant MtsR solubility or GAS viability (Supplementary Figure S6) . The recombinant F187A or Y167A/F187A mutant proteins formed stable dimers in solution (Supplementary Figure  S6B) , indicating that the oligomerization interface does not participate in MtsR dimerization.
To assess the role of oligomerization interactions in the regulatory activity of MtsR, we assessed mtsA transcript levels by qRT-PCR in the isogenic mutant strains containing single or double alanine substitutions at the aromatic amino acids involved in MtsR oligomerization. Consistent with our hypothesis, the introduction of single or double alanine substitutions in the oligomeric interface resulted in loss of Mn-dependent repression of mtsABC by MtsR (Figure 6C) , indicating that the FeoA domain is important for gene regulation by MtsR.
To elucidate the molecular basis for the interplay between MtsR oligomerization and gene regulation, we next tested the interactions between oligoduplexes containing MtsR binding site and recombinant MtsR mutant proteins by EMSA. The single alanine substitution (F187A) in the oligomerization domain of MtsR did not affect DNA binding ( Figure 6D ). Although the Y167A/F187A mutant protein was slightly defective in MtsR-DNA interactions compared to WT MtsR (Figure 6D ), the DNA-binding abil- ity of MtsR mutant proteins failed to fully explain the defective gene regulation. Thus, we hypothesized that multimerization of MtsR on longer promoter sequences containing MtsR binding site and flanking sequences is critical for its gene regulatory activity. To test this hypothesis, we performed EMSA assays using a longer DNA probe containing the entire mtsA promoter ( Figure 1A) . Consistent with our hypothesis, the WT MtsR binds to the promoter sequences and forms multimeric MtsR-DNA complexes in a concentration-dependent manner ( Figure 6E) . Contrarily, the single and double alanine mutant proteins form a fast migrating MtsR-DNA complex and failed to form WT-like higher-order oligomeric MtsR-DNA interactions even at maximal protein concentration ( Figure 6E ). Collectively, these data indicate that the oligomerization interactions in the C-terminal FeoA domain promote MtsR multimerization on the mtsABC promoter and contribute to Mn-dependent gene regulation by MtsR.
To better understand the mode of MtsR multimerization on promoter sequences, we compared the DNAbinding properties of MtsR with the DNA-bound structures of Fe-sensing DtxR regulators. Structurally, DtxR from Corynebacterium diphtheriae and IdeR from M. tuberculosis bound to DNA duplex containing a single binding site as a dimer of dimers (63, 64) . The two dimers interact with the opposite sides of DNA duplex without any dimer to dimer interactions. Consequently, the DNAbound conformation of the structurally characterized DtxR regulators is devoid of the oligomerization interactions observed in the crystal structure of MtsR, suggesting that MtsR-DNA interactions may be distinct from its structural homologs. Thus, to determine the stoichiometry between MtsR and DNA, we carried out a FP-based stoichiometry assay (59, 65) . The DNA binding site was added in 20-fold molar excess of the measured K d and polarization was measured at each MtsR dimer titration point. The inflection point of the resulting curve at which all high-affinity specific sites are occupied by MtsR dimer concentration was used to deduce the stoichiometry. Results from the binding experiments using the 22-bp oligonucleotide duplex containing a mts motif showed that the inflection point occurs at 1 M MtsR dimer in the binding reaction containing 1 M DNA ( Figure 7A ). These results suggest that MtsR binds to 22-bp mts motif as a dimer, which is distinct from the DNA-binding mode of structurally characterized DtxR regulators. Nevertheless, consistent with our structural and biochemical findings, other studies also showed that MtsR multimerizes on the target promoter sequences. Depending on the promoter, MtsR interacts with large DNA fragments ranging from 42 to 130 bp and forms three or more higher order oligomers of unknown stoichiometry (31, 57) . To deduce the mode of MtsR multimerization on DNA, we docked DNA fragment manually to a preformed MtsR multimer that has three dimers ( Figure 6A ). Results from these analyses suggest that docking of 3 MtsR dimers may require a 70 bp DNA fragment and it is likely that significant deformation of DNA is required to accommodate the preformed MtsR multimer ( Figure 7B ). In this mode of DNA binding, MtsR dimers are spiraling along the DNA axis and adjacent MtsR dimers are related to each other by a 90
• rotation on DNA ( Figure 7B ). The mode of MtsR multimerization suggested by our modeling studies is contrary to the DNA-bound structures of DtxR regulators in which adjacent dimers are related to each other by a 180
• rotation on DNA axis and devoid of dimer to dimer interactions (63, 64) . Additional structural and biochemical investigations are required to validate the DNA-binding mode of MtsR multimers suggested by the modeling studies.
Mn-dependent gene regulation by MtsR is critical for GAS Virulence
To test the hypothesis that Mn binding ligands and oligomerization domain of MtsR are critical for in vivo Mn sensing, and GAS virulence, we performed animal infection studies using an intramuscular mouse model of infection. The WT GAS trans-complemented with empty vector pDC123 was used as wild type (WT:pDC), and the isogenic mtsR mutant trans-complemented with empty vector ( mtsR:pDC) was used as a negative control. We assessed the virulence phenotype of metal-binding site 1 mutants, mtsR-H76A and mtsR-E80A, and the double alanine mutant of the oligomerization domain, mtsR-Y167A/F187A. Mice were infected intramuscularly and monitored for near mortality for 7 days post-infection. Based on the virulence phenotype, the strains can be categorized into two groups as follows: the WT and trans-complemented strain ( mtsR:pDC-mtsR) had increased virulence relative to either the isogenic mtsR mutant ( mtsR:pDC) or any of the tested mutant strains (P < 0.05 when comparing any two strains in different groups) ( Figure 8A ). There was no significant difference in mortality among strains within either of the two groups ( Figure 8A ). Together, these data indicate that Mn sensing and oligomerization function of MtsR are critical for GAS virulence.
To explain the attenuated virulence phenotype of the mtsR mutant, we hypothesized that the dysregulation of mtsABC in the ΔmtsR mutant results in increased intracellular Mn accumulation, increased sensitivity to Mn intoxication, and reduced bacterial survival. To test this hypothesis, GAS strains were grown to mid-exponential phase of growth (A 600 1.0) and incubated in THY supplemented with or without additional 100 M MnCl 2 for 30 min. The intracellular metal concentration of WT, ΔmtsR mutant, and the trans-complemented ( mtsR:pDC-mtsR) strains was measured by ICP-MS. The cytosolic concentrations of Fe, Mn, and Zn were similar in all 3 strains grown in unsupplemented THY ( Figure 8B ). However, when supplemented with additional Mn in the growth medium, a drastic 30-fold increase in the intracellular Mn concentration was observed in the mtsR mutant strain compared to unsupplemented growth ( Figure 8B) . Contrarily, only a modest increase in the cytosolic Mn levels was observed in the WT (6.5-fold) and trans-complemented (5-fold) strains relative to unsupplemented growth ( Figure 8B) . Similarly, the mtsR mutant strain had elevated intracellular Fe levels (10-fold increase), whereas no or slight increase in the cytosolic Fe levels occurred in the WT or trans-complemented strains, respectively ( Figure 8B ). No major differences in the intracellular Zn concentration was observed among the three strains. Collectively, these data suggest that the increased intracellular Mn and Fe accumulation in the mtsR mutant likely resulted from constitutive expression of mtsABC and siaABC.
To determine whether the dysregulation of mtsABC and increased cytosolic Mn levels in the ΔmtsR mutant increases sensitivity to Mn and affects GAS survival, we compared the growth characteristics of the WT, mtsR mutant, and trans-complemented ( mtsR:pDC-mtsR) strains in the presence of increasing concentrations of Mn. In the absence of additional Mn, all three strains had comparable growth kinetics ( Figure 8C ). Contrarily, when grown in the presence of increasing concentrations of Mn, the mtsR mutant was impaired in growth in concert with elevated Mn levels and growth was abolished at 1 mM Mn ( Figure 8C ). The sensitivity to Mn intoxication in the mtsR mutant was reversed to the WT-like phenotype in the trans-complemented strain, indicating that the observed growth defect of the mtsR mutant strain is due to the inactivation of mtsR ( Figure 8C ). Collectively, these results suggest that the metal-dependent gene regulation by MtsR is critical for the maintenance of optimal intracellular Mn concentration, bacterial survival, and GAS virulence.
DISCUSSION
Pathogenic bacteria encounter a entire spectrum of metal stress conditions ranging from metal deficiency to metal toxicity during different stages of infection (2, (8) (9) (10) (11) (12) (13) 66) . Thus, the ability to monitor the alterations in metal levels and evoke stress-specific transcriptional responses is crucial for bacterial survival in the host (12, 28, 29, 67) . Here, we report that GAS-encoded transcription regulator MtsR is a Mn-sensing metalloregulator that controls GAS adaptive responses to Mn limitation ( Figure 1 and Tables S4-S7) . During metal deficiency, MtsR derepresses the transcription of genes involved in Mn acquisition, Fe acquisition, and metal-independent DNA synthesis. Our structural and functional analyses identified two Mn sensing sites in MtsR that monitor Mn availability. Our results suggest that these sites may allow derepression of target gene expression in concert with the severity of Mn deficiency. Finally, our structure-function studies also revealed a novel role for the C-terminal FeoA domain in MtsR oligomerization on target promoters and gene regulation. Importantly, the mtsR mutant strains defective in metal sensing and oligomerization were significantly attenuated for GAS virulence, indicating that Mn sensing and stress-specific gene regulation by MtsR are critical events during GAS infection.
GAS primarily upregulates the expression of genes involved in Mn acquisition, Fe import, and metalindependent DNA synthesis for survival during Mn limitation. The contribution of Mn uptake by MtsABC and ribonucleotide synthesis by metal-free NrdEFI.2 to GAS survival under Mn limiting conditions is evident (6, 40, (68) (69) (70) . However, it was surprising that GAS induces Fe acquisition in response to Mn limitation. Our data indicate that MtsR senses Mn limitation but upregulates the expression of both Mn and Fe import machineries. Fe and Mn have pro-and anti-oxidant chemical properties, respectively, and Mn acquisition is a major bacterial strategy to negate the Fe-dependent toxicity of oxidative stress (71) (72) (73) (74) . As a result, bacteria typically have dedicated sensory and acquisition systems for Mn and Fe, which allows the pathogen to sense and respond in a metal-specific fashion. However, GAS lacks a dedicated Fe-sensing transcription regulator that controls gene expression in response to Fe availability. Thus, despite our in vitro results, the possibility that GAS uses MtsR to sense Mn and Fe limitation in vivo cannot be ruled out. Consistent with this, Fe caused partial repression of fhuD.2 and nrdF.2 genes under the tested conditions, albeit to a lesser degree than Mn, suggesting that Fe has the ability to function as a corepressor for MtsR. Similarly, the metal coordination geometry at site 1 of MtsR appears amenable for Fe binding. In the crystal structure of MtsR, Mn at site 1 is heptacoordinated, an ideal coordination geometry for Mn binding (75) . However, Fe could also be accommodated at site 1 of MtsR by hexacoordination and can function as a corepressor. Further structure-function studies will be required to understand the metal selectivity by MtsR, metal-specific allosteric changes in MtsR, metalspecific gene regulation by MtsR, and the in vivo relevance of dual metal sensing by MtsR to GAS pathogenesis. An alternate possibility is that lactic acid bacteria such as GAS are Mn-centric organisms and maintain a ≥ 1 Mn:Fe ratio (76) (77) (78) (79) . In this regard, acquisition of Mn and Fe simultaneously may aid GAS to maintain the ideal intracellular Mn:Fe ratio. Additional investigations are required to fully understand the molecular strategy behind the GAS regulatory mechanism that couples Mn limitation with upregulation of Fe importers. Structural characterization of Mn-sensing DtxR family regulators has identified several metal sensing sites (20) (21) (22) (23) (24) . However, with few exceptions, the functional relevance of Mn occupancy at the metal binding sites of DtxR regulators to transcription regulation and bacterial pathogenesis remained unknown. We have identified two metal binding sites in MtsR: metal at site 1 is coordinated by H76, E80, C123, H125 and E160, and site 2 metal is liganded with H32, H95, H161, and D163 (Figures 4 and 5) . Metal binding sites analogous to site 1 has been observed in other Mn sensing metalloregulators; however, site 2 in MtsR is distinct from its structural paralogs (Supplementary Figure  S9) . Nevertheless, we demonstrated that both sites particNucleic Acids Research, 2019, Vol. 47, No. 14 7491 ipate in Mn sensing and influence the regulatory activity of MtsR, albeit to varying degrees. The metal occupancy at the primary Mn sensing and regulatory site, site 1, is essential for promoter recognition and Mn-dependent gene regulation by MtsR. On the other hand, single alanine substitutions at the metal ligands of the secondary Mn sensing and regulatory site of MtsR caused only partial loss of MtsRdependent repression of mtsA. Based on these observations, we speculate that metal sensing by two sites of MtsR mechanism may enable GAS to fine-tune the degree of mtsABC derepression in concert with the severity of Mn deficiency. During Mn sufficiency, both metal binding sites are occupied and MtsR mediates full transcriptional repression of mtsABC. When mild Mn deficiency occurs, the loss of metal binding at secondary site, site2, allows GAS to avoid Mn deficiency by partially derepressing mtsABC expression. However, during severe Mn limitation, the metal at primary site, site 1, dissociates and the metal-free MtsR mediates complete derepression of mtsABC expression, thus allowing GAS to overcome Mn scarcity and survive in Mn sparse environments. Additional mechanistic studies will be required to validate the proposed model.
Another key finding from this study is the role of the Cterminal FeoA domain in MtsR oligomerization and gene regulation. The FeoA domains are observed in most of the DtxR family metalloregulators (20, 21, 24, 62) . In DtxR, the FeoA domain interacts with the preceding proline-rich linker that connects the central dimerization domain and FeoA domain (80) . Such interactions are critical for the stability of monomeric DtxR (80) . However, with the exception of DtxR, other members of the DtxR family lack the long proline-rich linker region and form stable dimers. Thus, the contribution of FeoA domains to transcription regulation by most of the DtxR family regulators remains unknown. We identified an intermolecular interface between the FeoA domains of MtsR dimers that participates in MtsR oligomerization. Consistent with the structural observations, alanine substitutions in the oligomeric interface drastically affected the ability of MtsR to multimerize on mtsA promoter sequences, mediate Mn-dependent repression of mtsA expression, and cause disease in mouse model of GAS infection. These results suggest that the multimerization of Mn-bound MtsR on the target promoter is a key event in gene regulation. Importantly, the amino acids involved in the FeoA domain interactions and MtsR oligomerization are highly conserved in other Mn-sensing DtxR family regulators (Supplementary Figure S9) . However, the amino acids analogous to Y167 and F187 in MtsR are not conserved in Fe-sensing DtxR regulators that are known to bind DNA as dimer of dimers (Supplementary Figure S10) . Thus, it is likely that similar intersubunit interactions between FeoA domains of adjacent dimers may occur in other Mn-sensing DtxR family regulators. Consistent with this, multimerization of the regulatory protein on promoter sequences has been observed in other DtxR family regulators (23, 57, 81, 82) . Thus, the FeoA domaindependent oligomerization on the target promoter may be a common regulatory mechanism employed by DtxR regulators to mediate Mn-dependent transcription regulation.
To summarize, the data presented herein suggest a complex sensory mechanism in a metalloregulator that aids the bacteria to efficiently monitor environmental fluctuations in Mn levels and orchestrate gene expression that is optimized for the severity of metal stress. Furthermore, the demonstration of FeoA domain-mediated oligomerization and its contribution to gene regulation in MtsR provides novel insights into the signaling mechanism in DtxR family regulators.
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